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Abstract A molecular marker analysis for Asian persimmon
cultivar relationships and pollination status was conducted
with 496 amplified fragment length polymorphism (AFLP)
markers and 146 cultivars of Asian origin. Cultivars from
China, Korea, and Japan were evaluated for marker composi-
tion and pollination status, which strongly influences fruit
characteristics. Separation of Chinese, Korean, and Japanese
cultivar groups and pollination type by neighbor-joining clus-
tering, multidimensional scaling, and STRUCTUREwas only
weakly supported and not genetically significant. Significant
differences for cultivar origin and pollination status were
found for analysis of molecular variance (AMOVA), but most
of the variation was among cultivars, not classification groups.
All of the cultivar groups were genetically similar at the mo-
lecular level with most polymorphism due to individual culti-
var differences.
Keywords Diospyros kaki . AFLP polymorphism . Cluster
analysis . AMOVA . Structure
Introduction
Persimmon (Diospyros kaki Thunb.) is one of the most impor-
tant fruit crops in East Asia and the fourth most important
Japanese fruit. In 2012, 254,000 t of persimmonwas produced
in Japan (Japan Statistical Yearbook 2015). Diospyros kaki is
an autohexaploid species (Tamura et al. 1998). Persimmon
cultivars are classified into four types depending on the nature
of astringency loss in the fruit and change in flesh color
(Hume 1913, 1914; Kajiura 1946; Yonemori et al. 2000).
Classifications are pollination-constant non-astringent
(PCNA), pollination-variant non-astringent (PVNA),
pollination-variant astringent (PVA), and pollination-
constant astringent (PCA). Pollination constant cultivars re-
tain their original flesh color, while the flesh of pollination
variant cultivars becomes darker. Among these four types,
the PCNA and PVNA types lose astringency naturally during
fruit growth and become edible at maturity, while PVA and
PCA types retain their astringency until fruit softening. Non-
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astringent cultivars are desired since they do not require post-
harvest treatment to remove astringency. PVNA cultivars re-
quire pollination and seed formation to lose astringency asso-
ciated with flesh browning. PCNA cultivars are highly desired
because they lose their astringency on the tree without needing
complete pollination or seed formation. Persimmons probably
originated in China and have been grown in China, Korea, and
Japan as an important food source from prehistoric times.
Many cultivars have been developed in these three countries
during a long history of cultivation. Non-astringent-type cul-
tivars, both PVNA and PCNA cultivars, were developed in
Japan and China (Du et al. 2009; Yonemori et al. 2005).
According to historical records in Japan, the oldest PVNA-
type cultivar ‘Zenjimaru’ was found in 1214 AD and ‘Gosho,’
assumed to be the first PCNA-type cultivar, was first docu-
mented in the 17th century (Kikuchi 1948). A nationwide
survey of persimmon cultivars in Japan (Agricultural
Research Station 1912) identified only six PCNA-type culti-
vars vs. 401 PVNA-type cultivars among more than 1000
cultivars collected throughout Japan. The origin of PCNA
cultivars is limited to the central part of Japan, while PVNA
cultivars were developed throughout Japan (Yonemori et al.
2000). PCNA cultivars probably have more recent origins and
very limited genetic variability. There are 963 persimmon cul-
tivars reported in China (Renzi et al. 1997) and 186 cultivars
described in Korea (Cho and Cho 1965). Most of these culti-
vars are reported to be astringent-type. One named cultivar,
‘Luo Tian Tian Shi,’ and several other genotypes have been
reported from Luotian County in Hubei province of China as
PCNA types (Yonemori et al. 2005).
Astringency in persimmon fruits is caused by tannins,
which accumulate in vacuoles of idioblasts from flesh paren-
chyma cells (tannin cells). Production of ethanol and acetal-
dehyde by the seeds is associated with the loss of astringency
in PVNA-type fruits but not in PCNA-type fruits. The seeds of
PVNA-type fruits produce a large amount of ethanol and ac-
etaldehyde during the middle stages of fruit development.
These volatile compounds, especially acetaldehyde, cause co-
agulation of tannins in the large tannin cells, which results in
the complete loss of astringency. After completion of tannin
coagulation, tannin cells become brown through further oxi-
dative reactions, producing a dark-colored flesh in PVNA-
type fruits. The seeds of PVA-type fruits also produce these
volatile compounds during the fruit development, but in lim-
ited amounts, so that the coagulation of tannins is restricted
around the seeds and astringency remains in the rest of the
flesh. Dark flesh color caused by tannin coagulation is also
restricted around the seeds in PVA-type fruits. The seeds of
PCA-type fruits produce almost no ethanol and acetaldehyde
during their development; therefore, PCA-type fruits do not
lose astringency naturally on the tree. The ability of seeds to
generate these volatile compounds is high in the PVNA type,
low in the PCA type, and intermediate in the PVA-type fruits,
suggesting that the appearance of the PVNA character is due
to a constitutive change in the ability of the fruit to produce
ethanol and acetaldehyde in the seeds. This change appears to
be a quantitative trait. ‘Zenjimaru,’ the first PVNA cultivar,
probably appeared as the result of mutations from the PCA
cultivar type to produce ethanol and acetaldehyde in the seed.
PCNA-type cultivars appear to have originated from a mu-
tation causing loss of the ability to accumulate tannins in the
fruit at an early stage of fruit development; this is a qualitative
trait (Yonemori et al. 2000; Akagi et al. 2009, 2010, 2012).
The first PCNA-type cultivar is thought to have been derived
from PCA cultivars (Yonemori et al. 2000). The mutation
probably occurred much more recently than the PCA to
PVNA seed mutations. In addition to the PCNA cultivars in
Japan, the Chinese PCNA cultivar, ‘Luo Tian Tian Shi,’ also
loses the ability to accumulate tannins at an early stage of fruit
development. However, the genetic basis for this PCNA trait
is different than for the Japanese cultivars. It appears to be a
dominant mutation (Ikegami et al. 2006, 2011) rather than the
recessive trait found in the Japanese cultivars (Akagi et al.
2009, 2010, 2012; Kanzaki et al. 2001).
Several publications describe genetic diversity in European
persimmon and relationships with Japanese cultivars
(Badenes et al. 2003; Yonemori et al. 2008a, b; Naval et al.
2010). Diversity in Japanese and Chinese persimmons has
been studied by Guo and Luo (2006, 2011) using SRAPs
and simple sequence repeats (SSRs) and Yamagishi et al.
(2005) with RAPDs. Kanzaki et al. (2000) studied the rela-
tionships among 19 Japanese PCNA and 14 non-PCNA cul-
tivars with 138 amplified fragment length polymorphisms
(AFLPs) for comparison with the Chinese PCNA cultivar,
‘Luo Tian Tian Shi.’We evaluated large populations of culti-
vars developed in different parts of Asia, with the four types of
fruit development and representing the complete range of
cultivar diversity found in China, Japan, and Korea in the
present study. The analysis of Asian cultivar relationships by
Yonemori et al. (2008b) was extended using improved analyt-
ical methods. Genetic relationships among 146 Asian persim-
mon cultivars from China, Japan, and Korea were evaluated
with 496 AFLP molecular makers in this study.
Materials and methods
Plant materials
Young leaves were collected from 153 persimmon cultivars at
the Department of Grape and Persimmon Research Station,
National Institute of Fruit Tree, or at the Experimental Farm
of the Graduate School of Agriculture, Kyoto University germ-
plasm collection. Seven cultivars were not used due to nomen-
clature and pollination status questions. Of the 146 cultivars
analyzed, 102 cultivars are native to Japan, including 33
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PCNA-, 27 PVNA-, 9 PVA-, and 33 PCA-type cultivars, 20
cultivars are native to Korea, and 24 cultivars are native to
China (Table 1). ‘Luo Tian Tian Shi’ is included in the analysis.
The collected leaves were frozen and powdered with liquid
nitrogen for total DNA extraction. Total DNA was extracted
by the CTABmethod of Doyle and Doyle (1987), followed by
additional phenol extraction, and PEG (MW 8000) precipita-
tion for DNA purification. The amount of DNAwas calculat-
ed by measuring absorbance at 260 nm (Birren et al. 1997).
Amplified fragment length polymorphism analysis
AFLP analysis was performed using the AFLP Analysis
System I Kit (Life Technologies, USA), following the manu-
facturer’s instructions. Briefly, 250 ng of total DNA was
digested with 2.5 units of EcoRI and MseI. The DNA frag-
ments were ligated to EcoRI andMseI adapters. After the pre-
amplification reaction with the pre-amp primer mix, selective
amplification was performed with six combinations of Label +
EcoRI + 3 and MseI + 3 primers: FAM-E-AGC + M-CTA,
HEX-E-ACC + M-CTA, NED-E-ACG + M-CAG, FAM-E-
AGC +M-CAC, HEX-E-ACC +M-CAG, or NED-E-ACG +
M-CTA. The amplified products were separated on an ABI
PRISM 310 Genetic Analyzer (PE Biosystems, USA) after
size standards were added.
Table 1 List of 146 cultivars used for the AFLP analysis
PCNA cultivars native to Japan
1 Midai 2 Taishu 3 Fuku-gosho
4 Mikado 5 Gosho (Nara) 6 Gosho
7 Kaibara-gosho 8 Izushi-kogosho 9 Izushi-ohgosho
10 Gosho (Gifu) 11 Mushiroda-gosho 12 Suruga




16 Okugosho 17 Fuyu 18 Matsumoto-
wase-fuyu
19 Sunami 20 Uenishi-wase 21 Jiro
22 Yaizu-wase-jiro 23 Wakasugikei-jiro 24 Sagiyama-gosho
25 Tokuda-gosho 26 Tenjin-gosho 27 Haze-gosho
28 Fukuro-gosho 29 Mizugosho 30 Ikutomi
31 Koda-gosho 32 Hana-gosho 33 Yamato-gosho




35 Shibu-myotan (a) 36 Anzai (a)
37 Bongaki (a) 38 Tenryubo (a) 39 Okumyotan (a)
40 Rendaiji-
hiragaki (a)
41 Izaemon (b) 42 Zenjimaru (a)
43 Amahyakume
(a)
44 Egosho (a) 45 Aburatsubo (a)
46 Yashima (a) 47 Myotogaki (c) 48 Oh-
yotsumizo (c)
49 Jisha (c) 50 Amayotsumizo (a) 51 Chokenji (a)
52 Ohnaga (c) 53 Kaibuchi (a) 54 Oumi-danshi (c)
55 Mizushima (a) 56 Kurogaki (a) 57 Yamato (c)
58 Kosyu-
hyakume (b)
59 Ichidagaki (c) 60 Eboshi (c)
61 Gofu (a) 62 Nagara (c) 63 Mino (c)
64 Akazu (b) 65 Yoshino (b) 66 Monbei (b)












76 Jyoren (a) 77 Emon (b) 78 Kyara (a)





83 Yokono (c) 84 Inayama (c)
85 Kawabata (c) 86 Okujisya (c) 87 Atago (c)
88 Sanjya (c) 89 Saijyo (c) 90 Yotsuya-
saijyo (c)
91 Gionbo (c) 92 Toh-hachi (a) 93 Kikuhira (b)
94 Iwasedo (c) 95 Atagobo (c) 96 Yotsumizo (c)
97 Miyazaki-
mukaku (c)
98 Ibogaki (c) 99 Shinpei (c)
100 Toyo-oka (a) 101 Takura (c) 102 Watarizawa (c)
Korean cultivars (all cultivars are PCA-type, except that ‘Goryo-soo-si’
and ‘Sujang’ are PVA-type)
103 Jang-jon-si 104 Dan-seong-si 105 Poong-
gigojong-si
Table 1 (continued)
PCNA cultivars native to Japan
106 Gyong-san-ban-
si
107 Soosi 108 Pasi
109 Kury 110 Jo-hong-si 111 Wolha
112 Jang-dangy 113 Sang 114 Wol-hwa-shi
115 Boo-deuk 116 Go-jong-si 117 Bansi (1)
118 Chung-do-si 119 Bansi (2) 120 Sa-gock-si
121 Goryo-soo-si 122 Sujang
Chinese cultivars (all cultivars are PCA-type except that ‘Luo Tian Tian
Shi’ is PCNA-type)
123 An-xi-you-shi 124 Gong-cheng-shui-
shi
125 Deng-long-shi
126 Lian-hua-shi 127 Mei-xian-niu-xin-
shi
128 Fang-shi (1)
129 Chu-tou-shi 130 Da-mo-pan 131 Mo-pan-shi
132 Jin-shi 133 Huo-guan 134 Luo Tian Tian
Shi
135 Rao-tian-hong 136 Bo-ai-shui-shi 137 Qu-jing-shui-shi
138 Zhai-jia-hong 139 Hu-xian-qi-yue-
huang
140 Fang-shi (2)
141 Qi-yue-zao 142 Huo-jing 143 Hei-xin-shi
144 Man-tou-shi 145 Huo-shi 146 Gao-jiao-shi
Source: Yonemori et al. 2000
PCNA pollination constant non-astringent, PVNA pollination variant non-
astringent, PVA pollination variant astringent, PCA is pollination constant
astringent
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Data analysis
AFLP bands were scored as present (1) or absent (0) and
referenced to size standards. A total of 496 bands were scored.
PIC values were calculated by the method of Roldan-Ruiz
et al. (2000). After generation of a distance matrix (Nei and
Li 1979), a multidimensional scaling analysis was conducted
with NTSYS 2.0 (Rohlf 1998). TREECON (Van de Peer and
Wachter 1994) was used to perform a neighbor-joining (NJ)
analysis with 500 bootstrap replications conducted to establish
statistical support levels. A consensus tree with support levels
>50 % was generated (Fig. 1). Yonemori et al. (2008b) previ-
ously presented a preliminary NJ tree from some of this data,
but without branch lengths and statistical support levels.
Analysis of molecular variance (AMOVA) analysis and Fst
calculations were performed with Arlequin 3.1 (Excoffier
et al. 2005). STRUCTURE 2.3 software was used to perform
population structure analysis (Falush et al. 2003; Pritchard
et al. 2000, 2007). The STRUCTUREmodel assumed admix-
ture, hexaploid genetics, with missing bands coded as 0. The
Fig. 1 Neighbor-joining tree from 496 markers of 146 persimmon cultivars—support levels determined from 500 bootstrap replications. Support levels
greater than 50 % are shown. Geographic origins of cultivars are indicated by color and are circled
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recessive allele model was implemented. Initially, test runs
were conducted for 105 cycles after 104 burn-in cycles. Fst,
α, and ln Pr(X/K) were evaluated across the runs to determine
whether longer runs were needed. All of the parameters were
stable after the initial burn-in period. Duplicate runs of 5×104
to 105 cycles were run from K=2 to K=11. A set of five runs,
each, was conducted from K=2 to K=7, with and without
using prior population data as an additional evaluation tool.
α values were considerably lower for the analyses without the
prior population data. For the final analysis, duplicate runs
were conducted with a burn-in of 2×104 followed by 5×105
cycles.
Results
Amplified fragment length polymorphism analysis
Four hundred ninety-six AFLP markers were obtained for
each of the initial 153 cultivars. Four hundred sixty-three
markers were polymorphic among the 146 cultivars retained
for subsequent analysis. Mean marker PIC value was 0.185.
Supplemental file 1 contains the AFLP matrix for all of the
scored AFLPs.
Neighbor joining
Cultivars appeared to be primarily delineated by their country
of origin in the NJ tree and secondarily by classification of
Table 2 AMOVA analyses for country of origin and for astringency
status
Country of origin
Source df SS Variance % of variation P value
Among populations 2 505 6.14 12.4 0.000
Within populations 143 6192 43.3 87.6
Total 145 6697 49.4
Pollination status
Source df SS Variance % of variation P value
Among populations 3 461 3.52 6.96 0.000
Within populations 143 6235 43.9 93.04
Total 145 6696 49.4
Fig. 2 Multidimensional scaling
analysis for 146 persimmon
cultivars. First three dimensions
are shown. Country of origin is
indicated by color, and numbers
are referenced to the cultivar lists
in Table 1. Three general
groupings are indicated, Japanese
cultivars and overlapping Korean-
Chinese groups.
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astringency status. However, statistical support is <50 % for
the short basal branches of the tree which separate cultivars by
country of origin and astringency status. While most cultivars
are clearly different at many loci, genetic differences that
could be ascribed to specific geographic origins or astringency
status could not be statistically proven byNJ. Several cultivars
were placed in anomalous positions in the NJ Tree. ‘Luo Tian
Tian Shi’ is placed with all of the other Chinese cultivars, but
is a PCNA type, and might be expected to cluster with PCNA
Japanese cultivars. However, the ‘Luo Tian Tian Shi’ PCNA
mechanism (gene) is different than is found in Japanese culti-
vars (Ikegami et al. 2006). Two Korean cultivars, #121
‘Goryo-soo-si,’ a PVA type, and #120 ‘Sa-gock-si’ did not
cluster with the rest of the Korean cultivars. ‘Goryo-soo-si’
was associated with a group that had both PVNA and PCA
types while ‘Sa-gock-si,’ a PCA type, was associated with
PVNA Japanese cultivars. These cultivars may be
misidentified as were the seven cultivars removed prior to
statistical analysis.
Multidimensional scaling
Multidimensional scaling (MDS) provided a different impres-
sion of variation among cultivars than observed in the NJ
analysis. Two distinct clusters were obtained for the first three
dimensions. Chinese and Korean cultivars clustered together
but formed two subpopulations shown in Fig. 2 by country of
origin; all of the Japanese cultivars formed a separate group.
Within the Japanese population, there did not appear to be any
significant differentiation between PCNA and non-PCNA cul-
tivar types. The anomalous Korean cultivar, #121 Goryo-soo-
si,’was an outlier in the Korean group as were #122 and #123.
However, #120 ‘Sa-gock-si’ clustered as expected with the
other Korean cultivars.
Analysis of molecular variance and Fst estimation
Maximum likelihood AMOVA estimates were signifi-
cant, P=0.000, among cultivars by origin and in a sep-
arate analysis, among pollination types. However, in
both analyses, most of the variation was found among
cultivars, rather than among classification groups. Only
12.4 and 7.42 % of the total variation was partitioned
into country or astringency classification, respectively,
in the separate analyses (Table 2). Individual Fsts for
Japanese, Chinese, and Korean cultivars were similar,
but low (Table 3). Fsts for PCA, PCNA, PVA, and
PVNA groups were also low but similar. Pairwise diver-
sity comparisons for country and for astringency classi-
fication type were significant but low, since most poly-
morphism was partitioned among cultivars, not cultivar
classes.
STRUCTURE analysis
Extensive testing of burn-in parameters and run cycles from
K=2 to K=11 showed that α reached a minimum value of
about α=0.2 for K=4 and higher (Fig. 3), slightly lower at
K=6. Mean Fst values/population (within population hetero-
geneity values) was minimized from K=4 to K=7. Therefore,
K values from 4 to 7 provided the most congruent arrange-
ment of cultivars with country and astringency classification
Table 3 Fst comparisons for individual populations by country of
origin and astringency status from AMOVA
Country of origin






















Pairwise Fst PCA PCNA PVA PVNA
PCA 0.000
PCNA 0.084 (0.000) 0.000




















0 1 2 3 4 5 6 7 8 9 10 11
alpha mean Fst
Fig. 3 α and Fst values for K=2 to 11 STRUCTURE runs using the
admixture model with no a priori population assumptions for the final
set of runs with 20,000 cycle burn-ins and 500,000 cycle runs for K=2
through K=11
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type (Fig. 4). However, statistics for K=4 through K=7 are
similar, and there is no clear ‘best’ K. K=6 is most congruent
with our knowledge of cultivar country of origin. Korean and
Chinese cultivars were quite distinct from the both the Japanese
PCNA and Japanese non-PCNA types. Two subgroups appear
to be present in the non-PCNA types, potentially representing
the PVNA and PCA types which are the primary classes found
in the non-PCNA population. These groups and a third PVA
group are also seen in the NJ tree, but with poor basal branch
support. There is some evidence of two distinct populations
within the Japanese PCNA population at K=5 through K=7,
something that we did not observe in the other clustering analy-
ses. Even within the a priori cultivar groups, considerable
within cultivar heterogeneity from other groups was observed
for all K values, since most of the variation among these culti-
vars is between individuals rather than populations. Korean or
Chinese cultivars comprised single classification groups in
STRUCTURE.
Discussion
Naval et al. (2010) conducted the most extensive previous
analysis of persimmon diversity using 71 cultivars from
Europe and Japan, surveyed with 206 distinct polymorphisms
from SSR markers. Their PCA, NJ, and AMOVA analyses
Fig. 4 Graphical output from STRUCTURE analysis of 496 markers
from 146 persimmon cultivars. Clustering distributions for K values
from K=2 to 7 are shown (top to bottom). Cultivars are organized by
country location. Group 1=PCNA cultivars from Japan, group 2=non-
PCNA cultivars from Japan, group 3=Korean cultivars, and group 4=
Chinese cultivars
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were similar to the results from the present study, but their
conclusions were different.
Examination of the AMOVAs from both studies showed
that variation was found among cultivars of all types and was
not due to cultivar origin or astringency classification type.
We found that only 12.4 or 7.4 % of total variation could be
explained by country of origin or astringency classification
type, respectively, while Naval et al. (2010) found that 15
and 27 % of the variation in their study could be explained
by country of origin and astringency classification type. The
different results that they obtained for classification type are
probably the result of differences in the populations being
surveyed. A high proportion of random variation was present
among cultivars in both studies.
The general form of the cladogram from Naval et al.
(2010), computed with different software, was very similar
to our NJ cladogram with strongly supported terminal clades
with long branches, but poorly defined and supported basal
groups separating the clades. Both studies produced clado-
grams that separated cultivars into distinct clades by astrin-
gency classification type or country of origin. The shape of the
NJ tree separates PVA and PCNA among Japanese cultivars.
Closer examination showed that the furcations separating cul-
tivars by country or astringency type are not supported at the
>50 % support level. The branches are short, reflecting the
lack of diversity between groups.
Our MDS analysis, similar to the PCA analysis performed
by Naval et al. (2010), suggested that there are differences due
to cultivar origin. This is probably the result of relationship by
descent as most of the Asian cultivars are relatively old and
have less introgression than is found among European culti-
vars (Badenes et al. 2003; Yonemori et al. 2008a). Among the
more ancient Asian cultivars, astringency classification type is
highly coincident with cultivar origin (Table 1). European
cultivars show a lower level of coincidence between astrin-
gency classification type and present cultivar location by na-
tion (Yonemori et al. 2008a; Naval et al. 2010), due to recent
selection of these cultivars from ancestral Asian groups. No
significant clustering for astringency classification type
(PCNA and PVA) was seen in the Japanese population from
the MDS analysis.
Most of the molecular variation from AMOVA could not
be ascribed to astringency classification type or country of
origin. However, the results from the structure analysis
showed that there are clusters within classes arranged by cul-
tivar origin. These clusters cannot be fully explained by dif-
ferences in pollination status and could represent subpopula-
tion isolation or identity by descent.
Although molecular markers were not especially helpful
for determining the history of modern cultivars due to strong
admixture, some of these markers or marker combinations
may be used for selection of genotypes with a desired astrin-
gency classification type. PCNA has been shown to be
associated with a single locus, and absent recombination in
the region adjacent to the locus, flanking markers should pro-
vide a means of selecting for PCNA at the seed/seedling stage
(Kanzaki et al. 2010).
Conclusions
Chinese, Korean, and Japanese cultivars were separated by all
analyses, and PCNA cultivars could be separated from non-
PCNA cultivars, but support for these groups as defined by
clustering algorithms and AMOVAwas weak. All of the cul-
tivar groups were similar at the molecular level with most
polymorphism due to individual cultivar differences. The pri-
mary character separating them appears to be country of ori-
gin. Classification type by astringency is confounded with
cultivar origin. When the effects of cultivar origin were re-
moved, significant AFLP associations with classification type
by astringency were not observed. Individual cultivars are
very genetically distinct. While this may not be expected for
wild populations of an outcrossing species, these cultivars are
highly selected for quality traits and human intervention pro-
vides an opportunity for strong selection and cultivar
differentiation.
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